Studies of individual T cell antigen receptors (TCRs) have shed some light on structural features that underlie self-reactivity. However, the general rules that can be used to predict whether TCRs are self-reactive have not been fully elucidated. Here we found that the interfacial hydrophobicity of amino acids at positions 6 and 7 of the complementarity-determining region CDR3 robustly promoted the development of self-reactive TCRs. This property was found irrespective of the member of the -chain variable region (V  ) family present in the TCR or the length of the CDR3. An index based on these findings distinguished V  2 + , V  6 + and V  8.2 + regulatory T cells from conventional T cells and also distinguished CD4 + T cells selected by the major histocompatibility complex (MHC) class II molecule I-A g7 (associated with the development of type 1 diabetes in NOD mice) from those selected by a non-autoimmunity-promoting MHC class II molecule I-A b . Our results provide a means for distinguishing normal T cell repertoires versus autoimmunity-prone T cell repertoires.
The ability of αβ T cell repertoires to target pathogen-derived peptides displayed on major histocompatibility complex (MHC) molecules is acquired through the highly regimented process of T cell development. CD4 + CD8 + double-positive (DP) thymocytes express a unique T cell antigen receptor (TCR) composed of a TCRα chain and a TCRβ chain, each generated through variable-diversity-joining (V(D)J) recombination 1 . This process creates repertoires of TCRs that have a graded scale of reactivity for self peptides presented by host MHC molecules (self peptide-MHC). DP thymocytes expressing these receptors are then subject to thymic selection [2] [3] [4] [5] .
Mouse models with transgenic TCR expression and in vivo reporters of TCR signaling, including those tracking expression of the immediate-early gene Nr4a1 (which encodes the nuclear hormone receptor Nur77) and the negative regulator CD5, suggest that positive selection matures thymocytes with self peptide-MHC complexes with a range of moderate avidities or affinities 4, 5 . Naive T cells are thought to mature following relatively weak TCR-self peptide-MHC interactions, whereas on average, anti-inflammatory lineages such as regulatory T cells (T reg cells) are thought to require stronger TCR signaling than do naive T cells for development [2] [3] [4] . DP thymocytes that fail to signal through engagement with self peptide-MHC or that receive very strong TCR signals are eliminated by developmental arrest and negative selection, respectively. Positive selection driven by self peptide-MHC complexes allows mature T cells to be MHC restricted and results in a T cell repertoire that continually interacts with self peptide-MHC ligands [4] [5] [6] . Thus, T cell homeostatic cues derived from self peptide-MHC interactions maintain T cell functionality; naive T cells that receive the strongest homeostatic signals from self peptide-MHC ligands are optimally poised for responses to pathogens [7] [8] [9] , and T reg cells require continuous signaling through the TCR to limit the intrinsic auto-reactivity within the conventional T cell repertoire 10, 11 .
Given the immense diversity of MHC molecules and self peptides 12 , how structural features of TCRs and T cell signaling networks coalesce to produce a graded scale of self-reactivity is less clear 6, [13] [14] [15] [16] [17] . To gain insight into the structural properties of TCR self-reactivity, we studied individual T cells and TCRs with distinct self peptide-MHC-recognition properties. These included two TCRs, YAe62 and B3K506, which are reactive to the model foreign peptide 3K (a variant of a peptide of amino acids 52-68 of I-Eα (the α-chain of the MCH class II molecule I-E) in which the residues at positions 2, 5 and 8 are replaced with lysine) presented by I-A b . DP thymocytes expressing the B3K506 TCR differentiate into naive CD4 + T cells in C57BL/6 mice. In contrast, DP thymocytes expressing the YAe62 TCR are eliminated by negative selection in C57BL/6 mice 18 . Structural analyses have shown that the YAe62 TCR uses mainly TCRβ residues to bind to the 3K-I-A b complex, whereas the B3K506 TCR uses both the TCRα chain and TCRβ chain more evenly 19 . Observing that the YAe62 TCR is self-reactive and binds 3K-I-A b mainly through TCRβ-peptide-MHC interactions led us to hypothesize that variable residues within TCRβ chains might bias fully rearranged TCRs to be self-reactive. Although the mechanisms by which TCR sequence might influence the self-reactivity of T cells remain unclear, published experimental and computational studies suggest that particular amino acid residues within the TCRpeptide-MHC interface might promote peptide-MHC self-reactivity and cross-reactivity 18, [20] [21] [22] .
Here we investigated whether biochemical features of the TCRβchain complementary-determining region CDR3β influenced the ability of TCRs to recognize self peptide-MHC ligands. We identified key 'signature sequences' at positions 6 and 7 (P6 and P7) of TCR CDR3β that promoted or limited self-reactivity. We observed that the frequency at which self-reactive T cell receptors were generated directly correlated with the interfacial hydrophobicity of these residues. This finding allowed the skewing events of positive selection and negative selection of T cells to be 'indexed' on the basis of the biochemical features and usage of each of the 400 possible CDR3β P6-P7 doublets. Analysis of C57BL/6 mice revealed that positive selection resulted in enrichment for naive CD4 + and CD8 + T cell repertoires with TCRs that carried CDR3β P6-P7 doublets that promoted moderate self-reactivity. The repertoires of CD4 + T reg cells and naive CD4 + T cells that developed in mice of the non-obese diabetic (NOD) strain or mice expressing the H2 g7 haplotype carried by NOD mice showed further enrichment for TCRs carrying hydrophobic CDR3β P6-P7 doublets that promoted self-reactivity, relative to the abundance of these TCRs in naive CD4 + T cells in C57BL/6 mice. Our results provide insight into the mechanism by which repertoires of TCRs are created with different strengths of self-reactivity and reveal how self-reactivity biases are reflected in normal and autoimmunity-prone T cell repertoires.
RESULTS
YAe62 + DP thymocytes react strongly with self peptide-MHC We hypothesized that the YAe62β chain biases TCRs to recognize self peptide-MHC ligands. To test this, we compared the activation of DP thymocytes and the development of mature T cells in transgenic mice that express the YAe62β chain or the B3K506β chain. In YAe62β mice, approximately one third of the DP thymocytes expressed the activation markers CD69 and Nur77 tagged with green fluorescent protein (GFP) (Nur77-GFP), a nuclear proxy of the strength of TCR signals 23 (Fig. 1a,b) , which indicated they had received robust TCR signaling from self peptide-MHC ligands and were thus defined as self-reactive.
The frequency of self-reactive YAe62β + DP thymocytes was threefold and fourfold greater than that of DP thymocytes in wild-type C57BL/6 mice and B3K506β mice, respectively ( Fig. 1a,b) . As measured by Nur77-GFP expression, YAe62β + DP thymocytes that interacted with self peptide-MHC generated stronger TCR signals than did wild-type C57BL/6 or B3K506β + DP thymocytes, (Fig. 1c,d) . However, because the total number of mature CD4 + or CD8 + singlepositive thymocytes generated in YAe62β mice and B3K506β mice was similar, many of the self-reactive YAe62β + thymocytes might have been undergoing negative selection. Mirroring the DP thymocyte selfreactivity profiles, the number of CD4 + CD25 + Foxp3 + thymic T reg cells produced by YAe62β mice was fourfold more than that produced by B3K506β mice (Fig. 1e) . In addition, splenic CD44 lo CD62L + naive CD4 + T cells and, to a lesser extent naive CD8 + T cells and T reg cells, from YAe62β mice had higher expression of Nur77-GFP ( Fig. 1f-j) and CD5 ( Fig. 1k-n) than that of their counterparts in B3K506β mice. These data suggested that T cells expressing the YAe62β chain had a higher affinity or avidity for self peptide-MHC on the H-2 b background than that of B3K506β + T cells.
We next investigated whether inclusion of the YAe62β chain into TCRs induced self-reactivity directed at cells expressing I-A b or promoted broader recognition of self peptide-MHC with different MHC molecules. To address this question, we analyzed the expression of CD69 and Nur77-GFP on YAe62β + , wild-type C57BL/6 and B3K506β + DP thymocytes from MHC-deficient mice (deficient in β 2 -microglobulin (MHC class I) (B2m −/− ) and the H-2A β-chain (MHC class II) (H2-Ab1 −/− )) incubated with bone-marrow-derived dendritic cells (BMDCs) expressing various MHC haplotypes. We analyzed DP thymocytes isolated from B2m −/− H2-Ab1 −/− mice (defined as 'pre-selection thymocytes') to ensure they had not previously engaged self peptide-MHC molecules. Approximately 25-35% of YAe62β + pre-selection thymocytes were reactive to BMDCs expressing H-2 b , H-2 g7 or H-2 d (Fig. 2a,b) . In contrast, only 5-10% of the B3K506β + pre-selection thymocytes showed responses to BMDCs expressing each of the MHC haplotypes tested, with preselection thymocytes expressing polyclonal TCRβ chains producing results in between those ( Fig. 2a,b ). Furthermore, ~25% of YAe62β + pre-selection thymocytes expressed CD69 and Nur77-GFP after incubation with B2m −/− or H2-Ab1 −/− BMDCs ( Fig. 2a,b) , which indicated that the ability of the YAe62β chain to promote the recognition of self peptide-MHC ligands was not specific to MHC class. In addition, YAe62β + pre-selection thymocytes activated with self peptide-MHC had higher expression of Nur77-GFP than that of B3K506β + pre-selection thymocytes activated similarly (Fig. 2c) . These data indicated that properties 'encoded' in the YAe62β chain promoted the engagement of a high frequency of randomly paired TCRs with self peptide-MHC ligands that was independent of the MHC molecule being recognized.
Promotion of self peptide-MHC recognition
To identify features that predispose TCRs to recognize self peptide-MHC ligands, we compared the sequences of the YAe62β and B3K506β chains. The TCRβ chains are members of the V β 8 family (YAe62β is V β 8.2, while B3K506β is V β 8.1) and have CDR3β segments composed of 13 amino acids, from the conserved cysteine of V β to the phenylalanine of the β-chain joining region (J β ). The main difference is at P6 and P7 of CDR3β: YAe62β has phenylalanine and tryptophan (Phe-Trp) at these positions, whereas B3K506β has two serine residues (Ser-Ser) ( Fig. 3a) . These two residues are important for ligand recognition, as they are centrally located within the TCR-peptide-MHC interface (Fig. 3b,c) .
If the amino acids at CDR3β P6 and P7 (called the 'CDR3β P6-P7 doublet' here) have a deterministic role in regulating recognition of self peptide-MHC, swapping the CDR3β P6-P7 doublet in the YAe62β chain with that in the B3K506β chain (and vice versa) should reverse the intrinsic self-reactivity associated with these chains. To test this, we constructed mice with retroviral transgenic ('retrogenic') expression of a TCRβ chain by transferring bone marrow (BM) from Tcrb −/− B2m −/− H2-Ab1 −/− Nur77-GFP donor mice into Tcrb −/− B2m −/− H2-Ab1 −/− recipient host mice that expressed the YAe62β and B3K506β chains carrying either the Phe-Trp (FW) or Ser-Ser (SS) CDR3β P6-P7 doublet (YAe62β-FW, YAe62β-SS, B3K506β-FW or B3K506β-SS). We then cultured pre-selection thymocytes isolated from the host mice with BMDCs that expressed various MHC haplotypes. We observed that only 4-6% of YAe62β-SS pre-selection thymocytes expressed CD69 and Nur77-GFP following culture with BMDCs expressing H-2 b , H-2 g7 or H-2 d (Fig. 3d) . In contrast, 20-30% of B3K506β-FW pre-selection thymocytes were activated by similar A r t i c l e s BMDCs (Fig. 3e ). In addition, YAe62β-FW or B3K506β-FW preselection thymocytes activated with self peptide-MHC had higher expression of Nur77-GFP than that of similarly activated YAe62β-SS or B3K506β-SS thymocytes ( Fig. 3f,g) . Thus, the CDR3β P6-P7 doublet Phe-Trp increased the frequency and the affinity or avidity of the recognition of self peptide-MHC ligands by the TCR.
CDR3 P6-P7 doublets routinely interact with peptide or MHC We next investigated whether the positioning of the CDR3β P6-P7 doublet within the TCR-peptide-MHC interface was dependent on the length of TCR V β or CDR3β. We analyzed 53 human and mouse TCRs that expressed different V β domains and a range of CDR3β lengths, bound to MHC class I and MHC class II ligands ( Supplementary  Table 1 ). Within this group, all 53 TCRs used either CDR3β P6 or CDR3β P7 to contact the peptide-MHC complex, and in 43 structures, both residues interacted with the peptide-MHC complex ( Fig. 4a and Supplementary Table 1 ). These CDR3β P6-P7 doublet residues collectively made a similar number of contacts with the peptide and with the MHC (Fig. 4b) .
Analyses further revealed at least two structural constraints of TCRs that underpin the localization of the CDR3β P6-P7 doublet within TCR-peptide-MHC interfaces. Within V β domains, residues 87-93, which include the first four amino acids of CDR3β, are part of the conserved β-sheet structure that defines the immunoglobulin domain and were locked in an anti-parallel β-strand with V β residues 29-35 via a hydrogen-bonding network ( Fig. 4c,d) . This positioning of V β β-strand residues 87-93 was secured by an internal disulfide bond between V β Cys21 and Cys90, which **** * **** **** **** **** connected the V β B and F strands at the center of the immunoglobulin domain 24 (Supplementary Fig. 1 ). These results suggested that the locations of these structural elements are conserved throughout TCRs; thus, the CDR3β P6-P7 doublet was consistently located at a surface-exposed position within the TCR-binding site.
Hydrophobicity of CDR3 P6-P7 doublets indicates self-reactivity CDR3β P6-P7 doublets were highly diverse in the 53 TCRpeptide-MHC structures analyzed, as they were encoded mainly by β-chain diversity (D β ) gene segments and random non-templated additions (N regions) 1 (Fig. 4a) . To determine if CDR3β P6-P7 doublets function as a 'tunable' measure (or index) of the self-reactivity of the TCR repertoire, we used next-generation sequencing to identify the frequency at which each amino acid was expressed at CDR3β P6 and P7 on pre-selection thymocytes and pre-selection thymocytes that expressed CD69 and Nur77-GFP, after incubation with fibroblast cell lines that expressed H2-K b , H2-D b , H2-K d , I-A b , I-A d or I-A g7 (classified as self-reactive). We initially analyzed thymocytes repertoires expressing mouse V β 2, V β 6 and V β 8.2, to identify motifs that promoted the development of self-reactive TCRs (Supplementary Table 2 ). We used this approach so that confirmatory experiments could determine whether the motifs identified that regulated selfreactivity were dependent on or independent of a TCR expressing a particular V β family. We observed that pre-selection thymocytes that upregulated their expression of CD69 and Nur77-GFP following culture with MHCexpressing fibroblasts showed enrichment for or depletion of up to 4.5-fold (e ±1.5 ) in amino acids use at CDR3β P6 and P7, relative to their use in unstimulated pre-selection thymocytes, regardless of whether the thymocytes expressed a V β 2 + , V β 6 + or V β 8.2 + TCR (Fig. 4e,f and Supplementary Table 3 ). The frequency at which pre-selection thymocytes were activated by self peptide-MHC correlated with the interfacial hydrophobicity of the residues at CDR3β P6 and P7, as well as octanol-water partitioning, a classic measure of the hydrophobic effect 25 (Fig. 4g,h and Supplementary Fig. 2) .
We developed a self-reactivity index based on the difference in expression of amino acids at both CDR3β P6 and CDR3β P7 in the self peptide-MHC activated thymocyte populations versus their expression in unstimulated pre-selection thymocyte populations. For this, the change in amino acid use (in 'fold' values) at CDR3β P6 and P7 (defined in Fig. 4e,f) for each of the 20 amino acids was multiplied, which resulted in a self-reactivity index value for each of the 400 potential CDR3β P6-P7 doublets ( Fig. 4e-i) . We used this approach because TCR rearrangement creates many CDR3β P6-P7 doublets of very low frequency (<10 −6 ), which would preclude the observation of differential expression due to statistical uncertainties ( Supplementary  Fig. 3a,b ). Because the level of self-reactivity is a continuous scale, we used accuracy and completeness equations to identify threshold values of e 0.4 and e −0.375 to categorize CDR3β P6-P7 doublets as those that promote, are 'neutral' to or reduce the self-reactivity that naturally occurred in the pre-selection thymocyte repertoire ( Supplementary  Fig. 3c,d) . We chose these threshold values because they provided an accuracy of >96% and simultaneously retained 73% of the CDR3β P6-P7 doublets that showed significant enrichment (posterior probability of enrichment, >0.95) and 52% of CDR3β P6-P7 doublets that showed significant depletion (posterior probability of enrichment, <0.05) ( Supplementary Figs. 3c,d and 4) .
To initially test the predictive value of the self-reactivity index, we constructed and analyzed retrogenic mice by giving Tcrb −/− B2m −/− H2-Ab1 −/− Nur77-GFP donor BM to Tcrb −/− B2m −/− H2-Ab1 −/− recipient host mice expressing the following amino acids at V β 8.2 P6 and (Fig. 5a,b ). 13-30% of pre-selection thymocytes isolated from V β 8.2-SW or V β 8.2-AW mice upregulated their expression of CD69 and Nur77-GFP following culture with BMDCs expressing H-2 b , H-2 g7 , H-2 d , H-2 k or H-2 q (Fig. 5c,d) . In contrast, only 2-6% of pre-selection thymocytes carrying the V β 8.2-EQ or V β 8.2-EG chains expressed CD69 and Nur77-GFP ( Fig. 5c,d ). In addition, preselection thymocytes carrying the V β 8.2-SW or V β 8.2-AW TCRβ chain and activated by self peptide-MHC had higher expression of Nur77-GFP than that of their counterparts carrying V β 8.2-EQ or V β 8.2-EG chain ( Fig. 5e,f) .
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We next tested the fidelity of the self-reactivity index for V β 1 + -V β 20 + TCRs. We first evaluated the length of CDR3β segments carried by pre-selection thymocytes and self-reactive pre-selection thymocytes. We observed that ~98% of all pre-selection thymocytes, as well as pre-selection thymocytes that expressed CD69 and Nur77-GFP following incubation with H2-Ab1 −/− BMDCs (MHC class I activated) or B2m −/− BMDCs (MHC class II activated), carried CDR3β segments that ranged from 11 amino acids to 17 amino acids ( Fig. 6a) . On the basis of those findings, we analyzed TCRs carrying CDR3β segments that ranged from 11 amino acids to 17 amino acids. Comparing the frequency of different doublets in the same repertoire is not informative. Therefore, we then employed Bayesian statistics to identify and plot CDR3β P6-P7 doublets for which V β 2 + pre-selection thymocytes showed significant enrichment or depletion relative to their frequency in V β 2 + pre-selection thymocytes activated with MHC class I and MHC class II ( Fig. 6b) . A hypergeometric test of these plots revealed that repertoires activated with MHC class I and MHC class II showed significant enrichment for CDR3β P6-P7 doublets predicted to promote self-reactivity by our calculated index and showed significant depletion for CDR3β P6-P7 doublets predicted to limit selfreactivity ( Fig. 6c) . We then used this approach to analyze and plot the enrichment for CDR3β doublets expressed by TCRs containing individual members of the V β family (V β 1 + -V β 20 + ), partitioned by CDR3β length, in pre-selection thymocytes activated by MHC class I ( Fig. 6d) or MHC class II ( Fig. 6e) , relative to their frequency in unstimulated pre-selection thymocytes. A hypergeometric test of the data revealed that V β 1-V β 20 + pre-selection thymocytes that reacted with MHC class I or MHC class II showed significant enrichment for CDR3β P6-P7 doublets predicted to promote self-reactivity by our calculated index, relative to their frequency in unstimulated preselection DP thymocytes ( Fig. 6d,e ). In contrast, the repertoires of pre-selection thymocytes activated with MHC class I or MHC class II showed depletion of CDR3β P6-P7 doublets predicted to limit selfreactivity ( Fig. 6d,e) . Thus, the self-reactivity index identified the selfreactivity biases of TCRs regardless of V β family, the CDR3β length being used or the MHC class being recognized.
Differential use of CDR3 P6-P7 doublets by T cell subsets
Thymic selection might bias mature T cell repertoires to carry TCRs with certain types of amino acids within the antigen-binding site. To explore this, we compared the frequency with which CDR3β P6-P7 doublets were expressed on pre-selection thymocytes isolated from B2m −/− H2-Ab1 −/− mice relative to their expression frequency on mature CD4 + and CD8 + T cells isolated from MHC-expressing mice. V β 2 + , V β 6 + and V β 8.2 + TCRs expressed by splenic naive CD4 + or CD8 + T cell isolated from C57BL/6 mice were depleted of the CDR3β P6-P7 doublets that limited self-reactivity relative to their frequency on pre-selection thymocytes, (Fig. 7a,b) . We further partitioned the CDR3β P6-P7 doublets into 12 groups on the basis of e 0.2 -fold changes in self-reactivity-index-enrichment factors, which correlated with the interfacial hydrophobicity of the doublet (Fig. 7c) . This approach indicated that the repertoires of naive CD4 + or CD8 + T cells in C57BL/6 mice showed enrichment for CDR3β P6-P7 doublets that moderately promoted self-reactivity and were depleted of CDR3β P6-P7 doublets with the weakest interfacial hydrophobicity ( Fig. 7d,e ). These data suggested that positive selection matured thymocytes with a range of moderate self peptide-MHC avidity or affinity 4,5 . B3K506β-FW 1.5 
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A r t i c l e s TCRs expressed on splenic CD25 + Foxp3 + CD4 + T reg cells isolated from C57BL/6 mice (and three other genetic backgrounds) had a greater frequency of hydrophobic CDR3β P6-P7 doublets that promoted self-reactivity than that of pre-selection thymocytes ( Fig. 7f ) or CD4 + T cells isolated from the same mice ( Fig. 7g and Supplementary  Fig. 5a ). TCRs expressed on splenic CD4 + and CD8 + T cells isolated from mice deficient in the pro-apoptotic molecule Bim (Bim −/− ) 26 , which have deficiencies in thymic negative selection, showed enrichment for the most hydrophobic CDR3β P6-P7 doublets relative to their frequency in TCRs Amino acid at P7 Figure 5 Identical CDR3β P6-P7 doublets promote or limit the reaction of pre-selection DP thymocytes with various haplotypes and classes A r t i c l e s expressed on splenic T cells isolated from C57BL/6 mice ( Fig. 7h,i) . Notably, we observed biased use of CDR3β P6-P7 doublets by mouse CD4 + T cells or T reg cells across the full range of TCR-rearrangement frequencies (Fig. 8a,b ). In addition, TRBV10 + , TRBV19 + and TRBV28 + TCRs (which are human homologs of mouse V β 8.1, V β 6 and V β 7, respectively) expressed on human CD4 + CD127 lo CD25 + T reg cells isolated from the blood also showed significant enrichment for hydrophobic CDR3β P6-P7 doublets and depletion of CDR3β P6-P7 doublets that limit self-reactivity relative to their frequency in naive CD4 + CD25 − CD45RO − CD27 + CCR7 + CD95 − T cells isolated from the same donors (Fig. 8c,d and Supplementary Table 4 ).
To further validate the hypothesis that CDR3β P6-P7 doublets affect the maturation of CD4 + T cell populations, we reconstituted irradiated Fig. 5b ). In addition, 15-25% of the peripheral CD4 + T cells that expressed a YAe62β-FW, V β 8.2-SW or V β 8.2-AW chain had a T reg cell phenotype, but only 3-5% of CD4 T cells expressing a B3K506β-SS, V β 8.2-EQ or V β 8.2-EG chain had this phenotype ( Fig. 8e-g) . Thus, the identity of the CDR3β P6-P7 doublet affected thymocyte maturation and differentiation into a conventional CD4 + T cell repertoire versus a T reg cell repertoire.
NOD CD4 + T cells are enriched for hydrophobic P6-P7 doublets
To investigate if the self-reactivity index could reveal an autoimmunityprone T cell repertoire in mice, we isolated splenic naive CD4 + or CD8 + T cells from NOD mice and C57BL/6 mice and sequenced their V β 2 + , V β 6 + and V β 8.2 + TCRs. Splenic NOD CD4 + T cells showed enrichment for CDR3β P6-P7 doublets that promoted self-reactivity and depletion of P6-P7 doublets that limited self-reactivity, relative to their frequency in C57BL/6 CD4 + T cells (Fig. 8h) . In contrast, NOD CD8 + T cell repertoires did not show greater use of self-reactivity-promoting CDR3β P6-P7 doublets than that of C57BL/6 CD8 T cells (Fig. 8i) . Because a general defect in thymic deletion in NOD mice would be predicted to affect both CD4 + T cell repertoires and CD8 + T cell repertoires, the specific effect on NOD CD4 + T cells suggested that the phenotype was mediated by the autoimmunity-promoting I-A g7 MHC molecule.
To address the role of the NOD MHC, we compared use of the CDR3β P6-P7 doublet by splenic CD4 + T cells isolated from the reciprocal MHC-congenic B6.NOD-(D17Mit21-D17Mit10)/LtJ (B6. H-2 g7 ), NOD.B10Sn-H2 b /J (NOD.H-2 b ), NOD and C57BL/6 mice. V β 2 + , V β 6 + and V β 8.2 + CD4 + T cells that developed in B6.H-2 g7 mice showed enrichment for CDR3β P6-P7 doublets that promoted self-reactivity relative to their frequency in similar CD4 + T cells that developed in C57BL/6 mice (Fig. 8j) . In contrast, NOD CD4 + T cells did not show enrichment for CDR3β P6-P7 doublets that promoted self-reactivity relative to their frequency in CD4 T cells that developed in B6.H-2 g7 mice (Fig. 8k) . These data, combined with the finding of only modest differences between NOD CD4 + T cells and NOD. H-2 b CD4 + T cells in their frequency of CDR3β P6-P7 doublets that promoted self-reactivity (P < 10 −4 ) or limited self-reactivity (P < 10 −8 ) (Supplementary Fig. 6) , indicated that the development of T cells on the NOD MHC class II molecule I-A g7 resulted in enrichment of the CD4 + T cell repertoire for hydrophobic CDR3β P6-P7 doublets that promoted self-reactivity. A r t i c l e s DISCUSSION Despite the enormous diversity of self peptides and MHC molecules 12 , 10-20% of pre-selection DP thymocytes express TCRs that recognize host self peptide-MHC complexs [27] [28] [29] . Such findings indicate that recognition of self peptide-MHC is not a random happenstance of TCR rearrangement 30 . Here we elucidated part of the mechanism that endows TCRs with different affinities for self peptide-MHC ligands. For most TCRβ chains, V(D)J recombination inserts additional D βand non-templated-region-encoded amino acids in the middle of the CDR3β, including P6 and P7. A conserved β-strand within the TCR V β immunoglobulin domain localized the CDR3β P6-P7 doublet at a surface-exposed central location within the TCR's ligand-binding site, ideally positioned to engage peptide and MHC residues. Such placement allows the intrinsic biochemical properties of these residues to influence the binding properties of TCRs, with the ultimate specificity being derived from the complete TCRα and TCRβ sequences.
We observed that the frequency at which self-reactive TCRs were created directly correlated with the extent of interfacial hydrophobicity of CDR3β P6-P7 doublets. Hydrophobic residues are often present in the center of protein-protein interfaces and form high-affinity focused 'hot spots' of binding that can result from the hydrophobic effect 25, [31] [32] [33] . Such findings are consistent with the computational prediction that cross-reactive and self-reactive TCRs should show enrichment for 'strongly interacting' amino acids in the CDR3 region 21, 22 .
Consistent with differential affinity and avidity models of thymic selection 4,5 , we observed that TCRs expressed on CD4 + or CD8 + T cells in C57BL/6 mice had a reduced frequency of the least hydrophobic CDR3β P6-P7 doublets. As these types of CDR3β P6-P7 doublets limit self-reactivity, many DP thymocytes expressing these TCRs probably failed positive selection. Additionally, peripheral CD4 + and CD8 + T cells in C57BL/6 mice also had a reduced frequency of the most hydrophobic CDR3β P6-P7 doublets. Several findings indicated that that this occurred due to negative selection or diversion into the T reg cell lineage: hydrophobic CDR3β P6-P7 doublets increased the frequency and strength at which randomly assembled TCRs engaged self peptide-MHC, and both the T reg cell repertoire and the CD4 + or CD8 + T cell repertoires of Bim −/− mice showed enrichment for these doublets. Enrichment in the use of an aliphatic residue versus an acidic residue at P5 of CDR3β has been noted in V β 8.2 + T reg cells relative to the frequency of its use CD4 + T cells, in a system with transgenic expression of the TCRα chain 34 . However, re-analysis of a set of CD4 + T cells and T reg cells specific for myelin oligodendrocyte glycoprotein that undergo population expansion following immunization 34 has not revealed biased use of CDR3β P6-P7 doublets, which suggests that the antigen specificity of a T cell response might dominate over repertoire-wide selection biases.
Structural analyses focused on understanding why TCRs are biased to recognize peptide-MHC ligands have proposed that specific CDR1 and CDR2 residues have been evolutionarily selected for MHC binding 14, 15 and that there exists shape complementarity, albeit weak, between the TCR-binding site and the peptide-MHC complex 35, 36 . Our current findings are consistent with observation that specific amino acids, such as tyrosine residues often present at the tips of CDR1 and CDR2 loops, can promote the recognition of peptide-MHC ligands by the TCR 19, 37, 38 . As the residues at CDR3β P6 and P7 are highly variable and can engage the peptide or the MHC, the continuum of self-reactivity generated by pairing TCR germline and hyper-variable residues allows thymic selection to create T cell repertoires with the requisite properties for the recognition of peptide plus host MHC [2] [3] [4] [5] 39 .
Studies suggest that NOD mice have a greater frequency of autoreactive T cells than do C57BL/6 mice 40, 41 . Whether this arises from A r t i c l e s a loss in tolerance to particular autoantigens or reflects repertoirewide defects in thymic selection is less clear [42] [43] [44] . The observation that CD4 + T cells in H-2 g7 -expressing mice showed enrichment for hydrophobic CDR3β P6-P7 doublets relative to their frequency in H-2 b -expressing mice supports the hypothesis that the peptidebinding properties of the I-A g7 MHC molecule affects the overall NOD CD4 + T cell repertoire 45 . The peptide-binding properties of HLA-B57 MHC have also been suggested to result in a TCR repertoire that is subject to less-stringent negative selection, which might allow enhanced clearance of virus in these people 22 . Whether CD4 + T cells carrying hydrophobic CDR3β P6-P7 doublets are directly linked to the onset of type 1 diabetes remains unresolved. The prototypical diabetogenic T cell BDC-2.5 carries the CDR3β P6-P7 doublet Gly-Gly 46 .
However, analysis of a study of 12 NOD β-islet-infiltrating CD4 + T cells 47 has suggested that T cells carrying hydrophobic CDR3β P6-P7 doublets are more efficient at inducing insulitis and type 1 diabetes than are T cells carrying only small and charged CDR3β P6-P7 doublets. Thus, the formation of an altered T cell repertoire, as well as autoantigen display, might explain why certain MHC class II molecules provide the greatest risk for the development of type 1 diabetes and several other autoimmune diseases 48, 49 . In summary, we found that the interfacial hydrophobicity of CDR3β P6-P7 doublets influenced the frequency and strength TCR self-reactivity regardless of V β family or CDR3 length. Furthermore, indexing T cell repertoires on the basis of the identity of the CDR3β P6-P7 doublets revealed thymic selection biases in T cell repertoires of normal mice and mice prone to type 1 diabetes.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. NCBI Sequence Read Archive: TCR sequence data, PRJNA324707 and PRJNA325247. 
ONLINE METHODS
Mice. C57BL/6J, C57BL/6-FoxP3-gfp (B6.Cg-Foxp3tm1Mal/J), B6.129P2-Tcrbtm1Mom/J, NOD/ShiLtJ, NOD-FoxP3-gfp (NOD/ShiLt-Tg(Foxp3-EGFP/cre)1cJbs/J), C57BL/6-Tg(Nr4a1-EGFP/cre)820Khog/J and B6.129P2-B2mtm1Unc/J, NOD.B10Sn-H2 b /J (NOD.H-2 g7 ), B6.NOD-(D17Mit21-17Mit10)/LtJ (C57BL/6.H-2 g7 ) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). H-2A b 1 −/− (MHC-class-II-deficient) mice were purchased from Taconic (Germantown, NY). YAe62β and B3K506β mice have been previously described 39, 51 . MHC-deficient mice were created by crossing H-2Ab1 −/− mice with B2m −/− mice. For flow cytometry, both male and female mice were analyzed between 6 and 10 weeks of age. Mixed-BM chimeras were analyzed 6 weeks post reconstitution. For deep sequencing experiments, only female mice were used between 6 and 8 weeks of age. The overall incidence of diabetes in our NOD mouse colony exceeds 80% by 24 weeks of age. Mice expressing the YAe62 TCRβ chain and B3K506 TCRβ chain and all mouse sub-lines were maintained in a pathogen-free environment in accordance with institutional guidelines in the Animal Care Facility at the University of Massachusetts Medical School.
Human subjects. Seven subjects were recruited into this study, which was approved by the Institutional Ethics Review Board, King's College London, London, UK.
Antibodies. Mouse antibodies were as follows: anti-CD4 (GK1.5, 561830 and 550954), anti-CD8 (53-6.7, 552772), anti-B220 (RA3-6B2, 552772), anti-TCRβ Cell surface and intracellular staining. Murine thymocytes, lymph node cells and splenocytes from 6-to 10-week-old mice were stained with the following cell antibodies: anti-TCRβ (H57-597), anti-CD4 (GK1.5), anti-CD44 (IM7); BD Pharmingen anti-CD69 (H1.2F3), anti-CD62L (MEL-14), anti-CD25 (PC61) BioLegend; anti-CD8 (5H10), anti-CD5(53-7.3)Invitrogen; anti-HSA(M1/69), anti-B220(RA3-6B2), anti-Foxp3 (FJK-16s), anti-Thy1.1 (OX-7) eBiosciences. For intracellular stains, cells were fixed, permeabilized and stained using the FoxP3/Transcription factor staining buffer set (eBiosciences) following the manufacturer's protocol. All mouse antibodies were used at dilutions of 1:200, all human antibodies were used at manufactures test volume and validated for mouse and human and flow cytometry as indicated by the data sheets from the manufacturers. Analysis of flow cytometric data was performed using FlowJo version 9.2 (TreeStar).
Creation of BM retrogenic mice. Tcrb −/− or MHC-deficient Tcrb −/− Nur77-GFP BM donor mice were given 0.15 mg/g of 5-Fluorouracil i.p. in HBSS. On day 5, BM was harvested and cultured at 1.5 × 10 6 cells/ml in 24 well plate in DMEM with 20% FCS plus 20 ng/ml IL-3, 50 ng/ml IL-6 and 50 ng/ml SCF. On days 6-8, BM cultures were spinfected for 1 h at 37 °C at 1,800 rpm with high-titer MSCVbased retroviruses expressing each TCRβ in DMEM plus 1ng/ml polybrene. On day 9, 5 × 10 6 to 10 × 10 6 BM cells were transferred i.v. into lethally irradiated Tcrb −/− or MHC-deficient Tcrb −/− mice. To create mixed BM/retrogenic chimeric mice, cultured BM expressing TCRβ chains were mixed at a 1/5 ratio with BM isolated from Thy1-congenic mice, and 10 × 10 6 BM cells were transferred i.v. into lethally irradiated Tcrb −/− mice. Prior to transfer, all BM was depleted of cells using anti-TCRβ, anti-CD4, and anti-CD8 (BD biosciences) followed by magnetic bead sorting (Miltenyi Biotech).
Thymocyte pre-selection activation assay. Thymocytes were isolated from MHC-deficient mice expressing Nur77-GFP, or mice with transgenic expression of the TCRβ chain on an MHC-deficient Nur77-GFP + genetic background, or TCRβ-chain-retrogenic mice on an MHC-deficient Nur77-GFP + genetic background. 5 × 10 6 thymocytes were co-cultured with 3 × 10 5 BMDCs or MHC-transfected fibroblasts for 16 h in 2 ml D-MEM with 10 µM Z-VAD-FMK (ENZO) in a 24 well plate. Z-VAD was used to keep the thymocytes from undergoing apoptosis during the culture period. Following co-culture, thymocytes were surface stained, gated for expression of TCRβ, CD4 + , CD8 + , B220 − , MHC class II − and analyzed for the upregulation of CD69 and Nur77-GFP.
Calculating TCR peptide-MHC contacts. CDR3 loops engaging peptide-MHC class I and peptide-MHC class II ligands were assessed by using the following PDB accession codes: murine TCR-peptide-MHC class I, 1FO0, 1G6R, 1KJ2, 1LP9, 2CKB, 2O19, 2OL3, 3PQY, 3RGV, 3TF7 and 4MS8; murine TCR-peptide-MHC class II, 1D9K, 1U3H, 2PXY, 2Z31, 3C5Z, 3C6L, 3C60, 3QIB, 3QIU, 4P2Q, 4P2R, 4P5T and 4P23; human TCR-peptide-MHC class I, 1AO7, 1BD2, 1MI5, 1OGA, 2AK4, 2BNQ, 2ESV, 2NX5, 3DXA, 3FFC, 3GSN, 3HG1, 3KPS, 3MV7, 3O4L, 3PWP, 3QDJ, 3SJV, 3UTS, 3UTT and 4EUP; and human TCR-peptide-MHC class II, 1FTY, 1YMM, 1ZGL, 2IAM, 3O6F, 3PL6, 4E41, 4GRL, 4H1L and 4P4K. Contacts were defined as two atoms localized within 4.0 Å, Ncont, CCP4 program suite 6.2.0. Contacts were categorized by the V β , D β /N and J β origin of the amino acid according to the international ImMunoGeneTics information system house mouse and human TRBV TRBD, TRBJ protein databases.
T cell sorting. Pre-selection thymocytes were from freshly isolated MHCdeficient murine thymocytes sorted for TCRβ + , CD4 + , CD8 + , B220 − cells, MofloXDP (Dako Cytomation). Self peptide-MHC-reactive thymocyte populations were generated as in thymocyte pre-selection activation assay, MHC-deficient murine thymocytes were challenged with MHC deficient APCs retrovirally transduced with individual MHC molecules: I-A b , I-A g7 , I-A d , H2-K b , H2-D b and H2-K d . Activated thymocytes were sorted by a phenotype of CD69 + Nur77-GFP + TCRβ + CD4 + CD8 + B220 − on a MofloXDP (Dako Cytomation). For mature peripheral murine T cell subsets, splenocytes and lymph node cells from C57BL/6-FoxP3-GFP and NOD-FoxP3-GFP were cell surface stained and sorted. Naive CD4 + and CD8 + T cells were as follows: CD4 + or CD8 + , TCR + CD44 lo CD62L hi B220 − . CD4 + T reg cells were as follows: CD4 + TCRβ + CD25 + FoxP3-GFP + B220 − . For human naive CD4 + , CD8 + and T reg cells, peripheral blood lymphocytes were stained with anti-CD3, anti-CD14, anti-D4, anti-CD8, anti-CD25, anti-CD127, anti-CD45RO, anti-D27, anti-CCR7 and anti-CD95 (all identified above). Sorted human naive CD4 + T cells were as follows: CD3 + CD4 + CD25 − CD45RO − CD27 + CCR7 + CD95 − . Sorted human T reg cells were as follows: CD3 + CD4 + CD127 lo CD25 + . All sorted populations were greater than 98% pure. TCR cDNA library construction and sequencing. Sorted mouse T cells were re-suspended in 1 ml Tryzol (Life Technologies), and RNA was extract according to the manufacturer's protocol using 20ug/mL RNase free glycogen (Life Technologies) as a carrier. RNA was extracted from sorted human T cells using the RNAeasy kit (Qiagen) according to the manufacturer's protocol. cDNA was generated from up to 2 µg of RNA by priming with 10 µM oligo(dT) (Promega) and was extended with Omniscript RT kit (Qiagen) following the manufacturer's protocol. PCR amplification of murine and human TCRs was done using a two-step, nested primer approach. First, 20-cycle PCR reactions were used to amplify the TCR V β genes using the appropriate PCR primers. The mouse V β primer sequences were as follows: V β 1, ATCCAGAAGACTCAGCTGTCA; V β 2, GGGGCATATGGAGGCTTTGCTG GAGCAAAACCCAAGGTGG; V β 3, CAGTCCTCTGAGGCAGGAGAC; V β 4, AAGCCTGATGACTCGGCCACA; V β 5, GCCTTGGAGCTAGAGGACTCT; V β 6, GGAACCAAACATATGGAGGCTATCATTACTCAGACACCC; V β 7, G CTAAAACAAACCAGACATCTGTG; V β 8.2, ATCCTCGAGAGGAATGGAC AAGATCCTGACAGC; V β 9, GGCCTAGAGTATTCTGCCATG; V β 10, TCTG TAGAGCCGGAGGACTCT; V β 11, AGCACGCAACCCCAGGACTCA; V β 12, ACAGAACCCAAGGACTCAGCT; V β 13, AAGCAGGGCGACACAGCCACC; V β 14, CTTCTCAGCCACTCTGGCTTC; V β 15, TATCTTGAAGACAGAGG CTTA; V β 16, CCCACAGCACTGGAGGACTCA; V β 18, AGGCCTGGAGAC npg AGCAGTATC; V β 19, TCCAGCAAGCTAACAGATTCA; V β 20, AGAACGT GCGAAGCAGAAGAC; TCR C β , CTTGGGTGGAGTCACATTTCTCAGA TCCTC. The human V β primer sequences were as follows : TRBV10-3, CTT  GGGTGGAGTCACATTTCTCAGATCCTC; TRBV19, CAGTCCCCAAAGT  ACCTGTTCAGA; TRVB28, GATGTGAAAGTAACCCAGAGCTCG; TRBC,  ACTGTGCACCTCCTTCCCATTCAC. 1/10th of the primary reaction was used as the template for a second 20-cycle PCR reaction to add on the adaptor sequences and barcodes to identify samples post-sequencing (Supplementary Table 2) . TCR sequencing was performed on an Illumina HiSeq 2000 at the University of Massachusetts Deep Sequencing Core Facility.
Preprocessing sequence data. Individually sorted thymocyte and T cell subsets (Supplementary Table 3) were analyzed independently and used as biological replicates. Primary sequence reads were first filtered to remove low quality reads (Q score <25). Sequence data sets were parsed by the sample bar code using the program fastq-multx 52 . TCR V β and J β gene segments were identified, and CDR3 base-pair sequence reads were converted to amino acid sequence using the program TCRKlass 53 . CDR3β sequences were aligned by sequence, with the conserved Cys with the V β gene segment labeled position 1, and the conserved FG amino acids in J β gene segments as the last two positions of the CDR3β.
The aligned reads were then stratified into different groups, based on TCR V β chain identity and the length of the CDR3β sequence (13-mer, 14-mer, 15-mer, etc.). Within each of these groups, the occurrence of each of 400 possible CDR3β amino acid doublets at P6 and P7 was counted, and a 400-by-1 vector of doublet counts was generated for each sample replicate. Thus, 400-by-1 vectors summarized the census of CDR3β P6-P7 doublets within each replicate library and each sample. For the singlet analysis, these 400-by-1 vectors were collapsed onto two 20-by-1 vectors summarizing the single amino acid frequencies at P6 and P7. These counts were normalized to frequencies, and the frequencies of different motifs (doublets or singlets) were compared across different conditions to estimate fold-change differences through a conservative statistical procedure that accounts for statistical noise (described below).
Single amino acid enrichment at CDR3 P6 and P7 in self peptide-MHCreactive thymocytes. The frequency of all 20 amino acids (AA) in V β 2 + , V β 6 + and V β 8.2 + pre-selection thymocytes with CDR3 lengths of 13-15 AA (Cys-Phe) were tabulated at CDR3β P6 and P7. Similarly, the frequency of all twenty AA at CDR3β P6 and P7 expressed in self peptide-MHC-reactive V β 2 + , V β 6 + and V β 8.2 + thymocyte with CDR3 lengths of 13-15 AA (Cys-Phe) were tabulated. The self-reactivity enrichment factor for every amino acid was calculated as the ratio of its frequency in the self peptide-MHC reactive thymocyte repertoire to its frequency in the pre-selection thymocyte repertoire.
Estimating differences in doublet frequencies between populations: problems with the naive approach. Our main interest was to compare the frequency of CDR3β P6-P7 doublets between different biological conditions (for example, CD4 + T cells vs T reg cells) and to identify doublets that were significantly different. Naively, one might envisage averaging the observed frequency of a doublet i across the biological replicates within conditions A and B ( f i A and f i B ), and compute their ratio ( f f
to report a change in frequency of the doublet between A and B, just as was done above for single amino acids at P6 and P7 individually. To assess statistical significance of the observed ratio, the observed raw counts of this motif between the two samples could be used to estimate the likelihood (p-value) of the observed difference using Fisher's exact test or Pearson's chi-squared test, testing the null hypotheses that the observed count distributions in the two samples arise from a common underlying distribution. Rejection of the null hypothesis would indicate that the observed change was statistically significant.
There is, however, a serious problem with this approach because of the assumption that the observed counts represent individual, independent samples from an underlying distribution. Translating this in biological terms, this approach assumes that each CDR3β read in our sequence data originated from a unique T cell. This is clearly incorrect, as many reads are probably PCR-amplified duplicates of the same underlying T cell. Indeed, we aimed to achieve sequencing depths to expect five to ten times sequencing coverage of all T cells that carry a particular V β in each sample. Assuming each read count represents a unique molecule can lead to inflated estimates of statistical significance, leading to increased false positive hits, as illustrated by the following 'toy problem' .
Duplicating counts can lead to inflated estimates of significance.
Consider the problem of judging whether a coin is fair or biased based on trials. Suppose five independent trials of a coin returned four heads (H) and 1 tail (T). The observed frequency of a T is 0.2, and the probability that a fair coin (p T = p H = 0.5), the null hypothesis) can lead to such an extreme result under the null hypotheis can be calculated using elementary combinatorics as p fair = 0.1875. We can therefore conclude that there is a reasonably high probability that even a fair coin can yield such a skewed result in five trials and that there are not sufficient grounds to reject the fairness of the coin. Suppose, however, that due to a reporting artifact the results of this trial were multiplied by a factor of 10 and reported as 50 trials with 40 H and 10 T. The observed frequency of a T is still 0.2, but the probability that a fair coin can lead to such an extreme result is now is p fair = 1.19 × 10 −5 , 10,000 times lower.
This toy example illustrates that scaling up the observed counts can inflate estimates of statistical significance, leading to false-positive results. Assuming PCR duplicates as independent samples can lead to the same error. However, these could not be eliminated by simply collapsing the duplicate reads as the same sequence could be derived from individual T cells bearing the same clonotype. We therefore devised a data-driven normalization approach to derive, for each sample, a scaling factor in order to scale down the CDR3β P6-P7 doublet counts that is consistent with the observed sampling error between replicates.
A data-driven approach to normalize read counts. Continuing with the analogy above of the coin-toss problem, we ask the following question: given the observed frequencies of H vs T that are known to be inflated, how do we estimate the true number of tosses that were conducted? Clearly this would not be possible if all the data we had were results of tosses from a single trial. However, if multiple independent replicate trials containing the same number of tosses were conducted with the same coin and the inflated counts of H and T were reported for each trial, we could use the observed variation across replicates to deduce what underlying sample size it is consistent with. For a binomial distribution, the coefficient of variation (CV) scales as the inverse square root of the sample size N,
Suppose we have n replicate trials each with the same number of trials N (unknown), wherein the observed frequency of T in trial i is x i (i = 1, 2, …n), computed simply from the inflated counts (>> N) as x i = counts i (T)/(counts i (T) + counts i (H)). Consequently,
unbiased estimator CV 2 2 Using (1) and (2), we can come up with an estimate of N.
In the TCR data, the analogous question is to estimate the underlying 'effective population size' of the sample from the CDR3β P6-P7 doublet counts in the observed read counts. Here, the underlying distribution becomes multinomial, but the principle remains the same. Here, we assume that all the biological replicates are equivalent in that the variation in frequency of a CDR3β P6-P7 doublet (for example, AF) between the replicates reflects sampling noise that is consistent with the doublet's intrinsic frequency of occurrence and an overall effective sample size.
For a dipeptide x that occurs at a frequency f x, 1 , f x, 2 , …, f x, n across the n replicates, we can use (1) and (2) above to infer N. Moreover, sampling theory predicts that the same N should apply to each of the 400 dipeptides,
npg for all the 400 values of x. We can use this relationship to estimate N for each biological condition by incorporating the information from all the 400 dipeptides. We note that this procedure does not have any other fitted parameters. This procedure allows us to estimate an effective sample size for each sample library (N eff ) by analyzing the variation in the counts of each of the 400 doublets across the replicates (Supplementary Fig. 7a) . For every T cell population, we infer a separate N eff for every library corresponding to a unique V β chain and a CDR3 length. Subsequently, for a given T cell population the doublet counts within each replicate are re-scaled to sum to N eff .
A major caveat underlying this normalization procedure was the small number of biological replicates for each condition was low (n = 3), which put into question the accuracy of our estimates of N. We conducted simulations using parameters reflective of our data, which suggested that our estimates of N were conservative; i.e., were typically lower than its true value (Supplementary Fig. 7b ). Since lower values of N monotonically deflate estimates of statistical significance in change comparisons (discussed below), this suggested that our approach robustly avoided false-positive calls for significant enrichment or depletion while potentially compromising on a low false-negative rate.
Regularization and pseudocounts.
To the normalized doublet counts note above within each sample replicate we added a 'pseudocount' of 1e −5 × N eff to each element of the 400-by-1 vector. Pseudocounts can be interpreted as a uniform prior for the frequency distribution within the Bayesian statistics we describe below. These pseudocounts act as a buffer against inflated estimates of enrichment or depletion when certain doublets are not observed due to finite sampling (false-negative results).
Multinomial and Dirichlet statistics for modeling frequency distributions.
Rather than obtaining point estimates of frequencies of doublets from the counts, we adopted a Bayesian framework that allowed us to work with a probability distribution of each frequency, which implicitly captures sampling uncertainty. CDR3β P6-P7 doublets whose frequency cannot be confidently estimated from the data will have wider distributions. Here, α = 1e − 5*N eff , the regularization counts introduced previously and B′(α 1 , α 2 , …, α K ) is the multinomial Beta function, which can be expressed in terms of gamma functions as follows: 
which is Dirichlet distribution again with modified parameters, and the normalization constant equals the multinomial beta function: The recovery of the Dirichlet form for the posterior follows the well-known conjugacy relationship between the multinomial and Dirichlet distribution and greatly simplifies calculations. Comparing the exponents of f i in equations (4) and (6), the relationship between the prior distribution and pseudocounts hinted in the preceding section becomes explicit. To obtain the posterior frequency distributions of individual CDR3β P6-P7 doublets within each replicate, we can marginalize equation (6) 
Comparing equations (4) and (8), we can see that the beta distribution is a binomial limit of the Dirichlet distribution. By averaging over the three replicates within a sample, we can obtain a single probability distribution of the frequency of a doublet as follows: The asymptotic limit (N eff >> 1200α) of equation (11) suggests that the variance of the frequency distribution scales inversely as the square of the effective population size N eff . This means that the uncertainties in the frequency estimates are larger for samples with lower N eff , consistent with our intuition that this parameter models the sample size. We have provided illustrative examples of calculated frequency distributions for some doublets (Supplementary Fig. 8a) .
Computing enrichment factors of doublets between two samples.
The arguments in the preceding section indicate that the frequency of each doublet within a T cell sample is given by a beta distribution with parameters determined by the observed read counts and the inferred normalization N eff . The problem of estimating the change in doublet frequency across two samples is thus one of computing the distribution of the ratio of two beta-distributed random variables. This problem has an analytical solution 55 . Specifically, given two random variables that are beta distributed, Fig. 8b) .
All calculations were performed in Matlab using log-transformed variables to avoid numerical underflows/overflows. Equation (12) allows us to estimate the distribution for the enrichment factor P(γ) for every doublet across any pairs of conditions. For any given pair of conditions (for example, B6 CD4 + T cells vs pre-selection T cells), P(γ) was used to find CDR3β P6-P7 doublets with significant enrichment or depletion or no change in one sample condition relative to their frequency in a second sample condition. We defined this as follows:
1 .
Those CDR3β P6-P7 doublets with a P(enrichment) value of >0.90 were considered 'significantly enriched' , whereas those with a P(depletion) value of > 0.90 were considered 'significantly depleted' (examples, Supplementary  Fig. 8c ). Certain CDR3β P6-P7 doublets whose enrichment distribution was narrowly peaked around γ = 1, with a CV of <1%, were annotated as 'unchanging' . All other doublets were annotated as 'uncalled' , which indicated that given the enrichment-factor distribution, we were unable ascertain a trend in the doublet. For the significantly enriched, depleted and unchanging doublets, a point estimate of the enrichment factor was identified as the value corresponding to the maximum a posteriori estimate of the enrichment factor distribution γ MAP . position. Second, the mutual information (MI) between the frequency distributions at P6 and P7 quantifies the reduction in the entropy at one position if the identity at the other is known, which is a measure of the cooperativity between two positions. Both H and MI are strictly positive and are expressed in 'bits' , the unit of information. The ratio MI/H represents the extent of cooperativity as a percentage, since MI cannot exceed entropy (H).
We found that in the pre-selection repertoire, the amount of reduction in the uncertainty of the amino acid composition at P6 (or P7), given the knowledge of the amino acid identity at P7 (or P6), was ~12% on average (range, 8-19%) and was consistent across different V β chains (Supplementary Fig. 8d ,e left group of bars). In the pre-selection-activated populations, this was around 13-14%, on average (range, 9-20%) ( Supplementary Fig. 8d ,e, right group of bars). This suggests that the increase in cooperativity between P6 and P7 in the preselection-activated populations is merely 1-2% when the germline correlations are accounted for. Thus, we reasoned that it is valid to compute a self-reactivity index assuming that the effects of amino acids at P6 and P7 on self-reactivity were independent of each other (i.e., were additive).
Hypergeometric test. Given a set of amino acid doublets that promote selfreactivity or reduce self-reactivity (the 'index'), our goal is to ascertain if as a group these doublets are significantly enriched or depleted in one T cell subpopulation relative to their frequency in another. Because of the wide range of frequencies of different doublets (10 −6 to 10 −2 ), quantities like the average change in frequency of the index doublets would be dominated by a small proportion of high frequency amino acids. One could alternatively consider computing the average of the enrichment factor across the index doublets; however, this would be dominated by low-frequency amino acids as they are capable of exhibiting much greater changes.
To overcome those limitations, we adopted a non-parametric approach based on the hypergeometric test, considering all amino acid doublets on equal footing. Given two sample populations, one population will show enrichment for a fraction of doublets (above the diagonal) and will show depletion for a second fraction (below the diagonal). Given an index that we wish to test for enrichment or depletion, the hypergeometric test asks if the proportion of index doublets enriched or depleted is significantly higher than chance, given the background distribution (the null hypothesis). The probability of observing an equal or more-extreme upward or downward skew in the index doublets relative to the background is given by the hypergeometric distribution (P value). A low P value indicates that the observed skew is unlikely to arise by chance, while a high P value indicates consistency with the background distribution. As a conservative measure we fixed a P value threshold of 10 −4 to consider an index enriched or depleted, which is more stringent than the corresponding Bonferroni method. Note that for a given index, there is a separate hypergeometric test for enrichment and depletion respectively.
Theoretical basis for comparing doublet frequencies.
The complexities of TCR [V(D)J] recombination process introduces the 400 unique CDR3β P6-P7 doublets into TCRβ chains with wide-ranging frequencies. To account for the uneven distribution, our analysis compares the frequency of the same CDR3β P6-P7 doublet across different T cell populations; comparing the frequency of different doublets in a particular repertoire is not informative. For example, the frequency of the doublet Phe-Trp is about fivefold greater in the self-reactive thymocyte repertoire than in the pre-selection thymocyte repertoire, indicating that the Phe-Trp doublet promotes recognition of self peptide-MHC. In contrast, the frequency of the Gly-Gly doublet is similar in both repertoires, indicating that it neither promotes nor limits recognition of self peptide-MHC. However, if one compares the Gly-Gly and Phe-Trp doublets only in the self-reactive thymocyte pool, the GG-doublet is observed at a ~20-fold increased frequency. This analysis spuriously suggests that the GG-doublet promotes self peptide-MHC recognition 20-fold greater than the Phe-Trp-doublet. However this is problematic, since the GG-doublet will be generated ~100-fold more frequently in TCRβ chains than the Phe-Trp-doublet. Therefore, changes in doublet usage among T cell repertoires accounted for the frequency that is proportional to their V(D)J recombination frequency and the specific enrichment or depletion factor.
Comparison of CDR3 P6-P7 doublet use by murine and human mature T cell subsets. The enrichment or depletion of doublets identified as promoting or limiting self-reactivity among differing peripheral T cell repertoires was carried out in pairwise fashion, stratified by V β usage and length. For example, the doublet frequencies of V β 2 13-residue chains within population 1 was compared only to the doublet frequencies of V β 2 13-residue chains within population 2. Doublet frequencies were determined by the average frequency of three replicates for murine populations and seven replicates for human T cell populations. Among two different populations, only doublets that had posterior-probability-of-enrichment values greater than 0.95 or less than 0.05 were determined to be differentially expressed. These differentially expressed doublets were tabulated according to the self-reactivity index (Fig. 4) summed for V β 2-, V β 6-and V β 8.2-containing TCRs and normalized to the total number of doublets expressed differentially in the population. In Figure 6 , results were summed for individual V β chains. Plots of doublet use are presented as the logarithmic base 2 (log 2 ) of the difference ('fold' value) in the frequency of doublets identified as promoting, limiting or having no effect on self-reactivity in one of the populations being compared relative to the other population. The reported P values are based on the difference in the frequency of doublets identified as promoting or limiting self-reactivity, as determined by the hypergeometric test (discussed above).
